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a  b  s  t  r  a  c  t
Integrity  of the  mRNA  in  clinical  samples  has  major  impact  on  the  quality  of  measured  expression  levels.
This is  independent  of the  measurement  technique  being  next  generation  sequencing  (NGS),  Quantitative
real-time  PCR  (qPCR)  or microarray  proﬁling.  If mRNA  is highly  degraded  or  damaged,  measured  data  will
be  very  unreliable  and the  whole  study  is likely  a  waste  of time  and  money.  It is  therefore  common  strategy
to  test  the  quality  of RNA  in  samples  before  conducting  large  and  costly  studies.  Most  methods  today
to  assess  the quality  of  RNA  are  ignorant  to the  nature  of the RNA  and,  therefore,  reﬂect the  integrity
of  ribosomal  RNA,  which  is  the  dominant  species,  rather  than  of mRNAs,  microRNAs  and  long  non-
coding  RNAs,  which  usually  are  the species  of  interest.  Here,  we  present  a novel  molecular  approach  to
assess  the  quality  of the targeted  RNA  species  by  measuring  the differential  ampliﬁcation  (Amp)  of anifferential amplicons
Amp
Amp
Endogenous  RNase  Resistant  (ERR)  marker  relative  to a reference  gene,  optionally  combined  with  the
measurement  of two  amplicons  of different  lengths.  The  combination  reveals  any  mRNA  degradation
caused  by  ribonucleases  as well  as  physical,  chemical  or UV  damage.  Amp  has  superior  sensitivity  to
common  microﬂuidic  electrophoretic  methods,  senses  the  integrity  of  the actual  targeted  RNA species,
and  allows  for  a smoother  and  more  cost  efﬁcient  workﬂow.
© 2015  The  Authors.  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC. Introduction
It is today well established that the dominant confounding varia-
ion in the analysis of mRNA levels originates from the preanalytical
teps comprising sampling, transportation, storage and extraction
f the samples rather than from the actual analysis performed with
echniques such as reverse transcription quantitative polymerase
hain reaction (RT-qPCR), microarray proﬁling, and next generation
equencing (NGS) [1]. Based on results generated primarily by the
uropean Commission Framework 7 project SPIDIA (www.spidia.
u) [2], the European Standardizing Committee (CEN) initiated
n 2013 a project within CEN/TC140 “In vitro diagnostic medical
evices” to develop nine new technical speciﬁcations for the pre-
nalytical process that are expected to be published autumn 2015,
nd in 2014 eight projects were approved for ISO (International
rganization for Standardization) standards in ISO/TC212 “Clinical
aboratory testing and in vitro diagnostic test systems”.
∗ Corresponding author at: Tataa Biocenter AB, Odinsgatan 28, 411 03 Göteborg,
weden. Fax: +46 31 152890.
E-mail address: robert.sjoback@tataa.com (R. Sjöback).
1 These authors contributed equally to this work.
ttp://dx.doi.org/10.1016/j.bdq.2015.09.002
214-7535/© 2015 The Authors. Published by Elsevier GmbH. This is an open access artic
.0/).BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Many factors inﬂuence the measurable RNA-levels in biological
tissues post sampling. The removal of the tissue/cells from its nat-
ural environment can have profound effect on genes’ expressions.
Genes may  become activated increasing their expression levels
manifold or they can be repressed. A system where these prob-
lems recently were documented is blood samples collected in EDTA
tubes [2]. The presence of EDTA does not kill cells; rather it chelates
magnesium resulting in dramatic changes in the ionic composi-
tion to which the cells respond. Other complications include RNA
degradation by ribonucleases (RNases). RNases are plentiful in
biological material and may  contaminate water, buffers, vessels,
glassware, and plasticware. RNA molecules are damaged by chem-
icals, such as formalin, which is commonly used to preserve tissue
samples for morphological analysis, and by ultraviolet (UV) radia-
tion, which introduces crosslinks. At extreme pH RNA can undergo
self-cleavage [3]. All these inﬂuences compromise measurements
of native gene expression and should be controlled in standard
operating procedures (SOPs) for gene expression proﬁling.
Currently most common test for RNA integrity is to ana-
lyze its length distribution using electrophoretic methods on
microﬂuidic platforms such as the Bioanalyzer (Agilent Technolo-
gies) or Experion (Bio-Rad), the ScreenTape (Agilent Technologies)
or capillary electrophoresis such as the Fragment Analyzer
le under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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Advanced Analytical Technologies) and QIAxcel (Qiagen). Bulk
NA is dominated by ribosomal RNAs (rRNA) that make up about
5% of the total amount. Most eukaryotes have two ribosomal sub-
nits composed of four rRNA molecules. In humans these are the
S (121 bases), 5.8S (156 bases), 18S (1869 bases) and 28S (5070
ases) rRNAs, where S is the Svedberg unit reﬂecting sedimentation
roperty [4]. The four rRNA molecules are readily separated elec-
rophoretically. The 28S, 18S and 5.8S rRNA molecules are encoded
y a single transcriptional unit and therefore produced in equal
mounts, resulting in a deﬁned relation between their electro-
herogram peaks for fully intact material. Because of the much
arger sizes of the 28S and 18S rRNAs they dominate the elec-
ropherogram and integral RNA is characterized by two  distinct
eaks. Degradation of RNA is reﬂected by broadening of the 28S
nd 18S rRNA peaks toward faster migrating molecules and a gen-
ral increase of background due to accumulation of degradation
ragments of various sizes. Analysis of the electropherogram deter-
ines a score that reﬂects RNA integrity. Different platforms deliver
cores calibrated somewhat differently; the most common score is
he RNA integrity number, RIN, originally introduced by Schroeder
t al. [5]. RIN is a number between 0 and 10, where 10 reﬂects fully
ntact RNA and 0 totally degraded RNA. Analoge scores are the RNA
uality Index (RQI) introduced by Bio-Rad, the RNA Quality Number
RQN) introduced by Advanced Analytical, RNA Integrity Number
quivalent (RINe) introduced by Agilent, and the RNA Integrity
core (RIS) introduced by Qiagen. Although analyzing length distri-
ution of RNA is today the most common approach to evaluate RNA
ntegrity, its relevance for gene expression analysis has occasionally
een called into question [6]. As outlined above the electrophoretic
nalysis reﬂects rather the integrity of ribosomal RNAs, which are
uite different from the messenger RNAs and microRNAs typically
tudied. rRNAs have compact structures and are found in tight com-
lexes with proteins, while mRNAs have an 3′ A-tail and 5′-cap
hat are usually protein bound, which protects from certain nucle-
lytic degradation. mRNAs may  also harbor internal sequences
hat are cleaved by endonucleases. Indeed, model studies of RNA
egradation show rRNAs are degraded at quite different rates from
RNAs [6]. rRNA expression is further regulated differently from
RNA expression and is not expected to be appreciably affected by
hanges in environmental conditions, which may  have profound
ffect on the expression of mRNAs [7]. The use of RIN to assess
amples for miRNA analysis is even more questionable because of
he very short length of microRNAs, and empirical data supporting
uch correlation is limited [8,9]. The impact of the chemical and
tructural differences between rRNAs and mRNA/miRNAs may  fur-
her depend on the actual degradation mechanism. The precision of
he electrophoretic assessment of RNA integrity depends on sample
uality. While high RIN/RQI values are reproducible and reliable,
esults obtained on poor quality samples tend to show larger vari-
tion due to poor reproducibility of degradation and difﬁculties
n modeling the increased background from the short fragments
hat form. Our experience is RIN/RQI below 5 are prone to substan-
ial uncertainty and conclusions about quality are ambiguous. This
s a major limitation of the electrophoretic approach, since bor-
erline samples often have RIN <5. A more reliable assessment of
RNA integrity in samples of poor quality is therefore desirable to
istinguish those were mRNA levels can be measured with reason-
ble accuracy from those where results would be so uncertain and
nreliable that analysis is waste of time and money.
As alternative to the electrophoretic approach molecular meth-
ds have been proposed to assess RNA integrity. One is the 3′/5′
ssay, which exploits the proximity of the targeted sequence to
he A-tail at the mRNA 3′-end [10]. Reverse transcribing the mRNA
sing oligo(T) primer most of the cDNA should contain the com-
lement to the mRNA 3′-end, while only full length cDNAs reverse
ranscribed from intact mRNAs should harbor the complement to and Quantiﬁcation 6 (2016) 4–12 5
the mRNA 5′-end. Hence, by quantifying the presence of the 5′-end
and 3′-end sequences of an mRNA using oligo(T) primed RT-qPCR,
the ratio should indicate the fraction of full lengths mRNA and,
hence, reﬂect mRNA integrity. Although the 3′/5′ assay has been
reported to work well in some model systems [10,11] it has not
been particularly useful for biological samples. One complication is
that degraded samples contain DNA and RNA fragments that may
prime the reverse transcription and the required speciﬁc oligo(T)
priming is lost [12].
A more recent molecular method employs amplicon length to
assess mRNA integrity. It is based on using paired qPCR assays that
produce amplicons of different length from the same target [13,14].
For intact mRNA, using probe based assays, the Cqs of the short and
long amplicons should be virtually the same (for SYBR based assays
Cqs depend on amplicon lengths, which has to be considered), while
for fragmented RNA the Cq of the longer amplicon is higher than
that of the shorter due to a lower yield [15].
In this work we  evaluate the approach of measuring differen-
tial amplicons, Amp  = CqAmplicon1–CqAmplicon2, and the amplicon
ratio amplicon1/amplicon2 = 2Amp (assuming 100% PCR efﬁciency
and same ﬂuorescence intensity per amplicon) as indicator of RNA
integrity. We  also present a new RNA marker that is virtually resis-
tant to RNases and found in most eukaryotic cells [16]. This new
Endogenous RNase Resistant (ERR) marker can be combined with
an mRNA marker, such as a reference gene, that has normal sensi-
tivity to RNases, to assess physical and chemical degradation of the
mRNA in addition to damage caused by post sampling enzymatic
degradation. We validate the Amp  approach by measuring mRNA
degradation of unprotected biological material exposed to air at
ambient temperature, under conditions were RNases are active,
upon exposure to heat, UV light, and formalin.
2. Material and methods
2.1. Modelling of enzymatic RNA degradation
2.1.1. RNA degradation in lysed HeLa cells by added RNase I
A pellet of frozen HeLa cells (8 × 105) was re-suspended
in 250 l of RNase free H2O (Life Technologies, Inc.) to fully
lyse the cells. The re-suspended cells where divided into six
aliquots (6 × 40 l) and mixed with 40 l of tris-HCl buffer
(10 mM)  containing different amounts of RNase I (ﬁnal concentra-
tion: 0.005–0.125 U/l,  Cat# EN0601, Thermo Scientiﬁc Inc.). The
aliquots were incubated at room temperature for 30 s followed
by the addition of 320 l -mercaptoethanol and immediately
extracted using QIAshredder columns and RNeasy® Mini kit (Qia-
gen GmbH, Germany) according to the manufacturer’s instructions.
RNA concentration and integrity were assessed spectroscopically
(NanoDrop 1000, Thermo Scientiﬁc, Inc.) and using automated gel
electrophoresis (Experion system, Bio-Rad, Inc.).
Extracted RNA was diluted to 50 ng/l. 500 ng of RNA from each
aliquot was  reversed transcribed into cDNA in 20 l reactions using
iScriptTM cDNA Synthesis Kit (Bio-Rad, Inc.) on a Mx3005P qPCR
system (Agilent Technologies, Inc.) according to the manufacturer’s
instructions. Negative (RNase free H2O) and no-RT (equal mixture
of all six samples) controls were included to test for gDNA back-
ground and contamination. After reverse transcription the cDNA
was diluted 10X and stored at −20 ◦C until further analysis.
All cDNA was  analyzed using validated qPCR assays target-
ing human ERR marker [16] (Supplementary material 1) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Supple-
mentary material 1). qPCR was performed in 20 l reactions with
10 l PerfeCTa® SYBR® Green FastMix® (2X, Quanta Bioscience,
Inc.), 0.3 l(ERR marker)/0.6 l(GAPDH) primer mix  (forward and
reverse, 10 M),  7.7 l(ERR marker)/7.4 l(GAPDH) RNase free H2O
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nd 2 l of cDNA template (10X diluted) on a MX  3005 P qPCR sys-
em (Agilent Technologies, Inc.) according to the manufacturer’s
nstructions. Cycling conditions; activation: 3 min 95 ◦C, cycling:
0 s 95 ◦C, 20 s 58 ◦C + ﬂuorescence acquisition, 20 s 72 ◦C for 45
ycles, melt curve: 20 s 95 ◦C, 20 s 58 ◦C and continuous ﬂuores-
ence acquisition between 58 and 95 ◦C.
.2. Degradation by ribonucleases
To study enzymatic degradation in tissue two frozen mouse
ivers were used. One liver was sectioned into six pieces of simi-
ar sizes in the presence of dry ice to prevent thawing and put at
80 ◦C overnight. The other liver was crushed into ﬁne powder in
he presence of dry ice to prevent thawing using a frozen mortar
nd pestle. The tissue powder was divided into eight aliquots and
tored at −80 ◦C overnight. The frozen liver pieces and the pow-
er were exposed to room temperature (pieces: 0, 10, 20, 40, 60,
20 min; powder: 0, 1, 5, 10, 20, 40, 60, 90, 120 min) and then
omogenized (Tissuelyzer, Qiagen GmbH, Germany) in ice cold
iaZol (Qiagen GmbH, Germany) and extracted for RNA with a
iRNeasy® Mini Kit (Qiagen GmbH, Germany) according to the
anufacturer’s instructions. RNA concentration and integrity were
stimated spectroscopically (NanoDrop 1000, Thermo Scientiﬁc,
nc.) and using automated gel electrophoresis (Experion system,
io-Rad, Inc.). Samples were normalized to 50 ng/l of RNA and
00 ng from each was reversed transcribed into cDNA in a 20 l
eaction using SuperScript® III First-Strand Synthesis SuperMix
Life Technologies, Inc.) with a mix  of random hexamer and OligodT
riming according to the manufacturer’s instructions on a CFX96
PCR instrument (Bio-Rad, Inc.). Negative (RNase free H2O) and
o-RT (equal mixture of all samples for tissue pieces or powder)
ontrols were also included to test for gDNA and contamination.
he cDNA was stored in aliquots at −20 ◦C until further analysis.
cDNA was analyzed with qPCR assays targeting mouse
RR marker, cyclophilin A (PPIA), Glyceraldehyde-3-phosphate
ehydrogenase (GAPDH) and Tyrosine 3-/Tryptophan 5-
onooxygenase activation protein (YWHAZ) (Supplementary
aterial 1). qPCR was performed in 10 l with 5 l iQTM SYBR®
reen Supermix (2X, BioRad, Inc.), 0.4 l primer mix  (forward and
everse, 10 M),  2.6 l RNase free H2O and 2 l of cDNA template
5X diluted) on a LightCycler 480 qPCR instrument (Roche, Inc.)
ccording to the manufacturer’s instructions. Cycling conditions;
ctivation: 3 min  95 ◦C, cycling: 20 s 95 ◦C, 20 s 58 ◦C + ﬂuorescence
cquisition, 20 s 72 ◦C for 45 cycles, melt curve: 15 s 95 ◦C, 15 s
8 ◦C and continuous ﬂuorescence acquisition from 58 to 95 ◦C.
.3. Thermal and radiation damage
.3.1. Thermal and radiation induced degradation of puriﬁed
uman RNA
Two 100 l aliquots of puriﬁed human RNA (aliquot 1 = 90 ng/l
QN = 9, aliquot 2 = 70 ng/l RQN = 8.1) were exposed to ultraviolet
UV) light (aliquot 1) or heat (95 ◦C, aliquot 2) for 60 min. 10 l
ractions were removed from each aliquot at 0 (before exposure),
, 10, 20, 40 and 60 min. All fractions were immediately stored at
20 ◦C after collection. RNA integrity was assessed with automated
el electrophoresis (Experion system, Bio-Rad, Inc.).
Five microliter of each fraction (UV or heat treated) was  reverse
ranscribed in 20 l reactions using SuperScript® III First-Strand
ynthesis SuperMix (Life Technologies, Inc.) and random hexamer
riming according to manufacturer’s instructions on a CFX96 qPCR
nstrument (Bio-Rad, Inc.). Negative (RNase free H2O) and no-RT
equal mixture of all six samples) controls were included. After
everse transcription cDNA was stored at −20 ◦C.
cDNA from all the samples and controls were analyzed using
alidated qPCR assays targeting human ERR marker, human and Quantiﬁcation 6 (2016) 4–12
beta-2-microglobulin (B2 M)  and human 18 s rRNA (18S) producing
multiple amplicon lengths for each target (Supplementary Material
1). qPCR was  performed in 10 l with 5 l PerfeCTa® SYBR® Green
FastMix® (2X, Quanta Bioscience, Inc.), 0.2 l primer mix  (forward
and reverse, 10 M),  2.8 l RNase free H2O and 2 l of cDNA tem-
plate (5X diluted) on a LightCycler 480 qPCR instrument (Roche,
Inc.) according to manufacturer’s instructions. Cycling conditions:
activation: 3 min  95 ◦C, cycling: 10 s 95 ◦C, 10 s 58 ◦C + ﬂuorescence
acquisition, 35 s 72 ◦C for 45 cycles, melt curve: 15 s 95 ◦C, 15 s 58 ◦C
and continuous ﬂuorescence acquisition from 58 to 95 ◦C.
2.4. Chemical degradation
Total RNA from rat liver (1 g/sample) was  degraded in techni-
cal replicates (n = 2) in 17 l of formalin solution (10%), buffered to
neutral pH (Sigma–Aldrich) at room temperature for 0, 1, 10, 20, 40,
60, 120 and 240 min. The RNA was  then puriﬁed to remove formalin
using a miRNeasy FFPE kit (Qiagen) according to the manufacturer’s
instructions starting from step 15 in the protocol. The RNA was
eluted with 20 l RNase free water and reverse transcribed using
GrandScript Reverse Transcription kit (TATAA Biocenter AB) in a
ViiATM 7 instrument (Life Technologies, Inc.) following manufac-
turer’s instructions using 10 l volume with 100 ng total RNA per
reaction. The cDNA was diluted 10× in DNase/RNase free H2O and
stored at −20 ◦C.
cDNA from all the samples and controls was  analyzed using val-
idated qPCR assays targeting rat beta-2-microglobulin (B2 M),  rat
18 s rRNA (18S), and the Endogenous RNase Resistant (ERR) [16]
marker [Supplementary Material 1] producing multiple amplicon
lengths for each target. qPCR was  performed in 10 l with 5 l 2X
TATAA SYBR® GrandMaster® Mix  (TATAA Biocenter AB), 400 nM
primer and DNase/RNase free H2O (Life Technologies, Inc.) and
4 l of template on a ViiATM 7 instrument (Life Technologies, Inc.)
according to the manufacturer’s instructions. For NTCs 4 l of LPA-
H2O (50 ng/l) was added instead of template. Cycling conditions;
activation: 1 min  95 ◦C, Cycling: 3 s 95 ◦C, 20 s 60 ◦C + ﬂuorescence
acquisition, 10 s 72 ◦C for 50 cycles, melt curve: 15 s 95 ◦C, 15 s 60 ◦C
and continuous ﬂuorescence acquisition from 60 to 95 ◦C.
3. Results
3.1. Degradation by RNases
Integrity of RNA from lysed HeLa cells incubated in the pres-
ence of RNase I was  monitored electrophoretically measuring RQI
and with RT-qPCR measuring one normal transcript, which is the
common reference gene (RG) glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), and the stability ERR marker (Fig. 1a). RNase I
concentrations below 0.025 U/l  have no discernible effect on the
RNA integrity as reﬂected by the electrophoresis (RQI = 9.4–9.5) and
the RT-qPCR (both Cqs are around 14). With RNase I concentra-
tions above 0.025 units the Cq of the GAPDH transcript as well as
the RQI decrease steadily, while the Cq of the ERR marker remains
unchanged. At the controlled conditions used in this experiment
the input amount of RNA for cDNA synthesis was the same for all
samples and the measured Cqs are comparable over time. Hence,
the increase in Cq of GAPDH with time reﬂects degradation of
mRNA. However, for ﬁeld samples of unknown composition the
Cq of a reference genes alone could not be interpreted in terms
of RNA integrity, since the total amount of native transcript as
well as post sampling degradation may  vary across samples. How-
ever, the Cq of the ERR marker is not affected by the incubation
with RNase I and reﬂects its native level. The effect of RNase I
degradation is therefore evident from the comparison of the mea-
sured level of the reference gene transcript (here GAPDH) with that
J. Björkman et al. / Biomolecular Detection
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f the ERR marker as AmpERR:AmpERR = CqRG − CqERR, which
ere can be further normalized to the initial amount of intact
RNA as: AmpERR (RNase) = AmpERR([RNase]) − AmpERR
[RNase] = 0) (Fig. 1b). Comparing with the effect on RQI shown in
he same graph, we see that while RQI decreases from about nine to
ix, AmpERR increases with over three cycles. AmpERR of three
ycles reﬂects degradation of almost 90% of the GAPDH transcripts
o below 151 bases, which is the length of the GAPDH amplicon. This
ifference is readily measured and reﬂects the nucleolytic degra-
ation of mRNA, in difference to the change in RQI, which reﬂects
egradation of rRNA.
Fig. 2 shows that RNA in small pieces and in powder of liver tis-
ue at room temperature degrades at similar rates as reﬂected by
QI measured over time. The RQI decreases initially steeply, then
lower and after 60 min  it levels off at a level of about 3–4. This
ight suggest to the investigator that most degradation occurs ini-
ially and after 60 min  either all RNA is degraded or degradation has and Quantiﬁcation 6 (2016) 4–12 7
ceased. However, measuring the presence of transcripts of three
commonly used reference genes by RT-qPCR we ﬁnd degradation
continuous for at least the 120 min  we studied the material. The
Cqs of the three reference genes are different, because the tran-
scripts are present at different levels, but the changes of their Cqs
over time are very similar indicating similar degradation rates. The
disagreement between the RQI time course and the changes in Cqs
of the common reference genes could be due to different mecha-
nisms of degradation of rRNA, which is reﬂected by the RQI, and by
the Cqs, which reﬂects degradation of the three targeted mRNAs.
Indeed, differences in the degradation of rRNA and mRNA by RNases
was recently reported [6]. Another reason could be that the elec-
trophoretic approach becomes insensitive to further degradation
at a certain level and RQI values of 3–4 are too low to reliably
reﬂect the integrity of the RNA present, if any. In fact, the RQI,
like the other indicators based on electrophoretic traces, do not
have absolute deﬁned scales, since they were calibrated using artiﬁ-
cially degraded RNA samples, for which there were no independent
means to assess the integrity of the RNA.
In contrast to the reference genes the ERR marker is virtu-
ally resistant to the degradation by RNase I. Fig. 2c compares
AmpERR (t) = AmpERR (t = 0) − AmpERR (t) to the RQI. While
AmpERR increases throughout the entire time course of the
experiment, RQI reﬂects the degradation only during the ﬁrst
60 min. Throughout the experiment AmpERR increases by 8
cycles, which corresponds to 256-fold (=28) difference. Hence, the
sensitivity of AmpERR is sufﬁcient to detect a loss of 99.7%
(=1 − 1/256) of the amount of the initial transcripts post sampling.
The initial drop in RQI from close to 10 to about 7 corresponds to
an increase of 1 cycle in AmpERR, suggesting that RQI is very
sensitive to the initial degradation, when 50% of the transcripts are
lost. RQI then changes from 7 down to about 3.5, while AmpERR
increases from 1 to 6 cycles, and then there are no more changes in
the RQI while AmpERR continues to increase to at least 8 cycles.
Clearly, AmpERR reﬂects degradation over a wider range than
RQI and it is also more sensitive when degradation is extensive.
To test if the ERR resistance is limited to the particular sequence
ampliﬁed, which might be due to an unusual secondary or ter-
tiary structure or tight binding to proteins, we repeated the
experiment amplifying other regions of the ERR and also using
amplicons of different lengths (Supplementary material 2). The
formation of all those amplicons was virtually ignorant to the
RNase treatment suggesting that the entire ERR RNA is resistant to
RNases.
3.2. Degradation by heat
Exposure of RNA to 95 ◦C leads to degradation that is reﬂected
by a smear in the electrophoretic traces and a drop of RQI  from over
8 to below 2 in 10 min, where after no further changes are observed
(Fig. 3). The degradation was also monitored by qPCR assessing
the cDNA produced by reverse transcription with assays produc-
ing short (S ∼100 bp), medium length (M,  100–200 bp), and long (L,
>300 bp) amplicons comparing the amounts produced pair-wise.
For systems with different amplicon lengths we  deﬁne Amp
as AmpX–Y = CqX − CqY (where X, is either L = long or M = medium
amplicon, and Y is either M = medium or S = short amplicon), and
AmpX/Y = AmpX–Y (t = 0) − AmpX–Y(t) (Fig. 4d–f) to relate to
the amount of fully intact mRNA present before heat treatment.
We measured AmpX–Y for all three combinations of amplicon
lengths (L–S, L–M, M–S) for three different targets: a typical ref-
erence gene (B2 M),  18S rRNA and the ERR marker. AmpX–Y
depends on the target and also on the selected amplicons’ lengths.
Generally, AmpX–Y is largest for the L–S combination (i.e.,
AmpL–S), where the amplicons’ length differ the most, and it
reaches values well over 8 cycles (Fig. 4a–c). For the 18S rRNA
8 J. Björkman et al. / Biomolecular Detection and Quantiﬁcation 6 (2016) 4–12
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AmpL–S reaches even 14 cycles reﬂecting exceeding sensitivity
o heat degradation. Notably, the ERR marker, which was  resis-
ant to degradation by RNases, is sensitive to heat, and all three
arkers tested: 18S rRNA, the reference gene B2 M,  and the ERR
arker show similar responses. This is expected, as heat treatment
hould be ignorant to the chemical nature of the RNA. Reaching the
xtreme AmpL–S levels, however, is only possibly for the 18S
RNA, because of its very high abundance. However, for all three
arkers, and all three lengths combinations, AmpX–Y shows
uperior sensitivity and dynamic range to the RQI (Fig. 4d–f) when
NA is degraded by heat.
.3. Damage by UV light
We  see no effect on RQI or electrophoretic traces of puriﬁed
uman RNA exposed to UV light for up to 60 min  (Fig. 5), suggest-
ng it is intact. Applying Amp  qPCR, however, we ﬁnd pronounced
berrations induced by the UV for all three targets: the reference
ene B2 M,  18S rRNA, and the ERR marker (Fig. 6). Although the
AmpX–Y values vary, which they should because of the different
mplicon lengths, we observe changes of several cycles; the high-
st being 7.1. Clearly, the RNA is extensively damaged by the UV
rradiation and ampliﬁcation is severely compromised. This dam-
ge, however, is not sensed by the electrophoretic analysis and it is
ot reﬂected by the RQI. To validate this is not an effect of the par-
icular Experion (Bio-Rad) electrophoretic system, the experiment
as repeated using the Bioanalyzer (Agilent Technologies), and alsod against time in room temperature for tissue powder (A) and pieces (B).
erature for tissue powder and pieces (C).
extending the UV exposure to 120 min  (Supplementary material
3). Even after 120 min  of UV exposure, degradation is not obvious
from the electrophoretic traces, while Amp  qPCR analysis reﬂects
severe damage. By increasing the UV intensity we  eventually could
measure degradation by electrophoresis (Supplementary material
3) [9], but at this stage the damage to the RNA was so severe we
could no longer amplify the material after the initial time points
(Supplementary Material 3). Clearly, UV light induces damage to
RNA that severely interferes with its quantiﬁcation by RT-qPCR,
but is not always reﬂected by electrophoretic analysis and RIN/RQI
numbers.
3.4. Degradation by ﬁxatives
To test the effect of formalin ﬁxation extracted RNA was
treated with formalin at room temperature for various length of
times and analyzed with Amp  qPCR using Differential Ampli-
cons and by automated electrophoresis determining RQI (Fig. 7).
The AmpX–Y and RQI show similar (though inverse) time pro-
ﬁles. This is expected if the formalin treatment induces breaks in
the RNA, in addition to various chemical modiﬁcations that do
not cause strand breaks, as rRNA dominates the electropherogram.
Other RNAs tested show similar degradation proﬁles, suggesting
that all RNA species are damaged by formalin to similar extent
(Supplementary material 2).
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. Discussion
RNases in live cells are contained and degradation of mRNAs is
trictly controlled as part of the cell’s RNA metabolism. However,
ost sampling, during the preanalytical process, cells die, become
ermeabilized and/or lysed, which brings endogenous RNases into
ontact with RNA and exogenous RNases may  enter leading to
RNA degradation. This can severely compromise quantitative
ene expression analysis. In established workﬂows in pathology
issues are treated with formalin and embedded in parafﬁn (FFPE),
hich preserves samples’ morphology but is deleterious to the
NA. These factors may  profoundly inﬂuence measured expres-
ion levels leading to unreliable and in worst cases fatally incorrect
esults [17]. mRNA degradation is a particular severe problem when
nalysing tissues rich in RNases, such as pancreas and spleen. It
ay  also be a problem when tissue or cell samples are frozen and
hen thawed, since freezing damages the cells, releasing RNasesainst incubation time and gel picture of all time points.
giving them access to the RNA. Equipment and reagents may  also
be contaminated with RNases leading to serious degradation. It
is therefore critical to test the integrity of the RNA before per-
forming serious analyses [18]. Traditionally this is done using
electrophoresis, which works very well under many conditions, but
has limitations.
Here we  have developed a new molecular approach based on
measuring differential amplicons (Amp) to assess speciﬁcally the
integrity of mRNA for expression proﬁling studies and we have
evaluated it on test systems, where RNA was degraded or dam-
aged by exposure to ribonuclease, heat, ultraviolet radiation, and
formalin. The approach is based on an Endogenous RNase Resis-
tant (ERR) marker that is virtually resistant to RNases, which is
assayed by RT-qPCR producing two  amplicons of different length
and also compared to a representative reference gene. Amp  is
compared to the current method based on assessing the integrity
10 J. Björkman et al. / Biomolecular Detection and Quantiﬁcation 6 (2016) 4–12
Fig. 4. Puriﬁed human RNA incubated at 95 ◦C. RQI plotted against AmpERR for B2 M (A), ERR marker (B) and 18S (C). Incubation time plotted against AmpERR for B2 M
(D),  ERR marker (E) and 18S (F).
lotted
o
o
f
T
aFig. 5. Puriﬁed human RNA exposed to UV radiation. RQI p
f RNA by means of electrophoresis using the Experion (Bio-Rad)
r Bioanalyzer (Agilent Technologies).The degree of damage caused by RNases is reﬂected by the dif-
erential expression of a reference gene(s) and the ERR marker.
he reference genes are assumed to have been selected carefully
nd validated, such that their expression is stable across samples against incubation time and gel picture of all time points.
and invariant to the studied conditions. The differential expression
AmpERR = CqRG − CqERRthen reﬂects the integrity of the mRNA in
the sample. The sensitivity of AmpERR to the damage caused by
RNases is much greater than that of the RQI and related indexes
obtained from analysis of electropherograms. Furthermore, the
AmpERR reﬂects the integrity of mRNA rather than of rRNA that
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Fig. 6. Puriﬁed human RNA exposed to UV radiation. RQI plotted against AmpERR for B
B2  M (D), ERR marker (E) and 18S (F).
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dig. 7. RQI and AmpX–Y for 18S rRNA as function of the time exposed to formalin.
ominate the electropherogram and has quite different resistance
o RNases. We  do not know the mechanism behind the stability
f the ERR marker, but it is independent of the targeted sequence
ithin the ERR, and the marker is stable in human (Fig. 1), mouse
Fig. 2) and rat (not shown).
Degradation by heat is expected to affect all RNA molecules
imilarly and is reﬂected by measuring Amp, expressed as
AmpX–Y = CqX − CqY. Essentially any RNA that is reasonably abun-
ant can be targeted. The lengths of the amplicons can be2 M (A), ERR marker (B) and 18S (C). Exposure time plotted against AmpERR for
chosen to reﬂect the degree of degradation that is most rele-
vant for each experiment; the shorter the amplicons the higher
the degree of degradation can be assessed. Biological samples
are usually not exposed to heat and heat degradation is rarely
a problem. One exception is during the parafﬁnation and de-
parafﬁnation of FFPE samples. The non-speciﬁc degradation by
heat is also expected to cause similar damage as the non-speciﬁc
degradation that occurs during chemical ﬁxation of tissues. Elec-
trophoretic analysis measuring indicators such as RQI are relevant
to assess non-speciﬁc damage, which affect mRNAs and rRNAs
the same way. AmpX–Y is, however, a much more sensitive
quality indicator that is also more relevant for gene expression
measurements.
RNA damage by UV radiation is found to have small impact
on the RQI/RIN. Considering that UV radiation primarily induces
intramolecular crosslinking of thymines and rarely induces strand
breaks, the insensivity of the electrophoretic approach to this kind
of damage is reasonable. The UV induced damage is, however, read-
ily, sensed by Amp  and reﬂected by the AmpX–Y.
The new approach presented here has important advantages to
the current strategy based on automated electrophoretic systems
determining quality indicators such as RIN and RQI values. The
electrophoretic approaches are not particularly sensitive to more
seriously degraded RNA; they reﬂect quality of rRNA rather than
mRNA, and to UV damage. In contrast Amp  assesses directly the
quality of mRNA and can be designed with essentially any sensi-
tivity and dynamic range by carefully optimizing the amplicons’
lengths and choosing appropriate targets. Here we  used amplicons
that were about 75 bp, 150 bp and 300 bp and a typical reference
gene, 18S rRNA and an ERR marker, which allowed us to detect
over 99% degradation by several different mechanisms. Using three
amplicon lengths and three targets is unnecessary for routine
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